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INTRODUCTION

For the past 50 years tracer ammunition has performed well in
its assigned role of fire control assistance. This role is of para-
mount importance to the gunner, for without it there would be no easy
means of directing modern, rapid-fire weapons without an inordinate
waste of ammunition and possibly lives. In addition to fire control,
tracers have also been shown to have a decided psychological effect
both on the enemy (a burst of lights coming towards him) and on the
gunner (a clear indication of his effective firepower).

Ancillary to these roles, tracers have been performing in a
generally overlooked capacity, that of base drag reduction., Because
each round to date has employed a pyrotechnic to reduce its base
drag, the question arises as to the feasibility of developing a
pyrotechnic fumer composition which has good base drag-reducing char-
acteristics but does not have a visible signature. It is the purpose
of this report to determine that feasibility.

ANALYSIS

Perception of a tracer/fumer round by either the gunmner, friendly
troops, or the enemy depends primarily upon the overall 1llumination
of the background against which the round is observed. In order to
develop an invisible pyrotechnic fumer one must select a pyrotechnic
reaction which does not emit visible light exceeding the "threshold
illumination'. Threshold illumination is defined as that minimum
level of light which can be perceived by the eye.

In Table I, values of threshold illumination are given for both
night and day '"average'" conditions for various colored flames!.

Table I. Threshold Illumination (E.)* Values

Color of Flame Et(Night) Et(Day)

Red 0.8 x10°°® 0.5 x 1073
Green 1.2 x 10°® 0.9 x 1073
Yellow 2.0 x 1078 1.0 x 1078
white 3.0 x 10-® 1.5 x 1072

*.ee list of symbols.

It is readily seen that as expected, the threshold illumination is
much lower at night than during the day, and the same source ig five
hundred to one thousand times easier to see at night than during the
day.

1A. A. Shidlovsky, "Fundamentals of Pyrotechnics", Picatinny Tech-
nical Memorandum 1615 (1965).
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To meet an invisible fumer requirement, therefore, the pyrotech-
nic reaction must be such that it emits a light level below the thres-
hold illumination value of a white flame at night. Because this
study is based on thermal radiation alone, a specific color emitter is
aunattainabie, Therefore, white light is used as a representative
color. Aiso night conditions are used since this affords an cptimum
probability for visibility, It can be seen that these assumptions
produce the easiest conditions fox vigihbility and 1f thes~ are exceeded
then the projectile cannot be considered invisible. Since perception
first occurs at a light level equdl to the threshoid %lluminance,
then the minimum intensity (Iy) of a flawe reeded fur observation at
a distance (R) 1is given by the relationship:

Iy = &R (1)
A plot of this relationship for & white fleme urder night conditions
is given Figure 1. The problem iz now Lo calculate the theoretical
luminous emittance of source®. To do this the following assumptions
are made:

1. Only thermal radiation will be considered. No spectral
emission will be considered.

2. Pyrotechnic flame absorptance (a) is 0.80. The flame is
not a perfect blackbody (BB) but an a'wost blackbody (ABB) with a
generally accepted value of 807 BB.

3. Pyrotechnic flames are adiabatic. No heat is lost to the
surroundings.

4. The fumer flame has the same diameter as the projectile in
vhich it is employed.

A sourcc at temperature, T, and wavelength )\, has a radiaut
emittance Me()\), given by the Planck equation:

Me()) = aCi1x™®/(exp (C,/AT)-1) (2)

The total radiant emittance, Mg, can be found by integrating equation
(2) from ) =0 to ) = =

Me =5f Me())d) = aoT* (3)

This is the Stefan-Boltzmaun equation (modified for ABB) where o is
the Stefan-Boltzmann constant,

For an ABB radiator of area A, the radiant flux &, is
@ = AaoT* @)

Where & and A are in watts and meter®, respectively.

The total radiant flux is not the sole criterion for visibility.
One must also consider how this flux is distributed over the visible

2optics, M. V. Klein, p 121-9, John Wiley & Sons, NY (1970),
Derivation of equations based on cited reference.
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portion of the spectrum, Radiant flux is called luminonus flux when
evaluated in the visible spectrum as to its capacity to evoke the
gsensation of light in a human cbserver.

To calculate the luminous flux, &, we must first introduce a
new factor, the standard luminosity curve (yx) . This curve® is the
result of numerous psychophysical experiments to determine the wave-
length of maximum response of the "average cye'. Those experiments
have determined that the wavelength of maximum response of the human
eye 18 555 nm and also correlates this ) with a luminous flux of
680 lumens for each watt of radiant flux. At all other \'s, the

responr of the eye is less than 680 lumens/watt. (Figure 2, Table II).

This a!. " A>rd luminosity curve when multiplied by the radiant flux
ylelds the enerpgy distribution proportional to that perceived by
the human eye. To find the exact luminous flux the energy distri-
bution is multiplied by 680 iumen/watt. Mathematically,

& = 6806fqu§()\)d)\ (5)
Now, if the luminous intensity of the source (Iy) is related to the
luminance (Ly) below as

Iy = ALy (6)
and Ly to the luminous emittance (My) as
Ly = I )
then %
v
Iv d A —" (8)
But in the visible region of the spectrum Mg = My. Therefore,
- A Me
But it is also true that
dy = AMe (10)
Therefore &
L == (11)
and substituting (5) into (11) yields
I, = Q.%Q Ao[yxacl)fs/(exp (Co/AT) -1)d) (12)
and if the source 1s a circular radiator with diameter, D, then
A =qD?/, (13)
and
Iy = K f ))\acl L78/(exp (Cq/AT)-1)dr (16)
where - 680D2
K=>7— (15)

3A. C, Hardy, Ed., Handbook of Colorimetry, M.I.T. Technclogy Press,
Cambridge, MA, 1936

oI s T O St e B S A
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Having developed equation (14) from basic radiaticon laws, this equa-
tion can be applied to pyrotechnic flames in gereral and to fumer
flames in particular. This 1s done by substituting the reaction flame
temperature in the temperature parameter and the diameter of the
project:ile in which the fumer is employed in the K-value. K-values
for various diameters (calibers) are given in Table III below.

TABLE III. K Values for Small-Arms Ammunition

Ca_iher (mm) K

5.56 52.6 x 10-%
6.00 61.2 x 10-%
7.62 98.7 x 10°*
20 68.0 x 107
30 15.3 x 1072

It can be deduced from Table III that, as the projectile increases
in dismeter, it becomes more difficult to not see the pyrotechnic

flame.

Evaluating equation (14) between the ) limits of 380-720 mm
(visible region of the spectrum) for temperatures between 300K and
5700K (reaction temperature limits) wi.h each of the above K-values
(diameters) and solving for R in equation (1), vields the maximum
renge to which each projectile is visible (Tables IV-VIII).

DISCUSSION

In a2 recent report®, it is concluded that high reaction temper-
ature fumer mixes produce better base drag reduction than low rezc-
tion temperature mixes. Using the data in Table A-III of that report,
it is seen that a fumer mix (F-5) with a measured flame temperature®
of 1000K gave only & 6.2% reduction in overall drag, whereas the
high (>3300K) temperature fumer (F-4) reduced drag 22.8%. The lower
temperature fumer mix is the same composition developed for the
XM-276, 7.62 mn dim tracer and emits no visible light when viewcd
at night. Using this mix as a reyresentative '"invisible fumer' and
the higher flame temperature mix as a representative fumer, Table IX
lists the maximum visible range for various calibers.

*Kwatnoski, R., "Drag Reducin;, Fumer for Application in Smail Arms
Amaunition", Frankiord Arsenal Repcrt R-3003, March, 1974,

SArnold, C. B., Carrara, C., Larocca, A. J., '"Radiation Measurement
of Burning Chemical Mixtures', Frankford Arsenal Report R-1957,
February 1970.
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TABLE IX. Maximum Visible Range for Select>d Calibers at
Temperatures of 1000K and 3007K

From these data it can be seen tha: thermal radiators are, for all
practical purposes, invisible up o a temperature of 1000K. Above
this temperature, visible range increas«s dramatically to where the
vigible range of the projectile far exceeds the effective range of
the projectile. It appears, therefore, that if a non-luminous pyro-
technic fumer were to be employed that it would tend to have a flame

temperature near 10COK.

Max., Visible Range Max, Visible ! ;

Caliber (mm) at 1000K (Meters) Range at 3000K, (Meters) ;
5.56 4 14,000 ‘ ]
6.00 4 15,000 |
7.62 6 19,000 |
20 15 50,000 ;
30 22 75,000 %
|

i

In this analysis, the feasibility of a non-luminc 's pyrotechnic
fumer was based purely on the ABB radiative properties of the fumer
mixture flame. Objections can be made to the validity of these
properties, but it is felt that this analysis is the least stringent.
In this study, no consideration was given to the fumer plume expan-
ding and reacting in air behind the bullet. This would at least
double the value of (D) in equation (15) and thereby quadruple the
effective radiative surface, thus quadrupling the maximum virible

range.

Another criticism can be an unrealistic value of 0.80 for the
absorptance (or emissivity) of the flame and the neglect of attenua-
tion due to the atmosphere. However, if the data in Table IX are
examined for the 7.62 mm case, the combined effect of attenuation
and of too high an absorptance value would have to reduce the 19,000 m
value by a factor of 200 to make the round invisible at 100 meters.

CONCLUSIONS

1. Small arms ammunition in the 5.56 mm to 30 wm range, employing &
burning pyrotechnic with a reaction temperature of 1000K or less will

be practically invisible at: night,

2. The larger the diameter of the pyrotechnic cavity of a projectile,
the easier it becomes to see the pyrotechnic flame.

3. Since it has been shown that a high reaction temperacture is
necessary for a good fumer, the probability of a develo-—.atal success
of a non-luminous pyrotechnic fumer is practically nil, (
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RECOMMENDAT ION

The Iinvestigation into the development of a non-luminous pyrotechnic
fumer, or the requirement of such a round should be discontinued.
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